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SECTION 1

PURPOSE

The purpose of this contract is to carry out research work f,,r ;t
period of 18 months commencing junc 1, 1962, and ending :'..vembcr 30.
1963. involving investigations leading to approaches to the attainment of
high reliability in subminiature ceramic capacitors and the d(etermiiratin
of •ai;,ir(, rate as a function of voltage and temperature.

In particular, this involves the following:

(1) Establishment of Matrix I test conditions through a series of
pre--matrix tests.

(2) Development and evaluation of a shrt-term test to eliminat-
early failures effectively without shortening the time to the
wearout mode of failure.

(3) A determination of the failure rate as a function of voltage and
temperature through Matrix I and Mv,.rix I1 testing. From the
data thus obtained, derating curves will be derived and over.-!
failure ,'ates for operating conditions will be uestirnated.

(4) Compilation of quarterly progress reports In accord.iar .f with
Signal Corps Technical Re luirenents No. SCL-2101N. dati,,e
14 July 1961.

(5) Compilation of a final report in accordance with Signal G-orpis
Technical Requirements No. SCL-2101N, dated 1.1 .lulv lrl.
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SECTION 2

A BS'RAC T

Current-voltage relations as functions of time and temperature
are pr,.sented for C67 Case Size I Monolythick) capacitors. A study of
possible means oif predicting the capacitor life is reported. No correla-
tion has been found between charge and discharge currents measured
befure life test and time-to-failure on life test. Also, no correlation has
been found between AC corona starting voltage and time-to-failure. It
appears the only technique row available for the elimination of potential
early failures is a measurement of leakage resistance after accelerated
testing. Study is continuing.



r.C ['LON 3

PUBLICATIONS, I ECTURES, REPORTS, ANr -JNFERENCES

Iht 'econd Quarte-ly Progress Report. covering the period
I S•,ptemhe.r 196,. .. %u s4ovember 1962, was submitted for U. S. Army
EICktronics Research and Dvvelupment Agency approval during this
quarter. Approval was received, and the report was distrituited per
USAERDA instructions.
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SECTION 4

FACTUAL DATA

4.1 General

During the third quarter ,ttention v:as directed primarily toward
examining charge and discharge currents of C67 Case Size I Monolythic
capacitors. Attempts were made to correlate charge and discharge
currents measured before life test and time-to-failure on life test but
were unsuccessful. Likewise, no correlation was found between AC
corona starting voltage and time-to-failure. It appears the only technique
now available for the elimination of potential early failures is a measure-
ment (if leakage resistance after testing for a number of hours at
accelerated voltage and temperature.

4. Z Charge and Discharge Currents

After the voltage is removed from a capacitor, a current flows
in a direction opposite the direction in which it flows during voltage
application. The charge or polarization current and the discharge or
depolarization current have been measurod as functions of applied voltage.
temperature, ,nd time for C67 Case Size I Monolythic capacitors. The
discharge time and the magnitude of the discharge current indicate a
considerable amount of charge remains trapped in the ceramic after
removal of the charging field.

The C67 Case Size I Monolythic capicitor utilizes ai bariom
titanate ceramic having a dielectric constant of 2000. The thickness of
each dielectric layer is 0.0025 in. The ceramic capacitor is enclo.cd
In a molded cylindrical case of 0.095 in. diameter and 0.250 in. length.

The circuit used for measurement of charge and discharge co.-re:,t•
is shown in Figure 1, which, with all figures mentioned herein. is fot,,o
at the end of this section. After charging the capacitor the' power hsll'ply t.
replaced by a short circuit. The Ekcmn 1079C vibrating reed elec?'rompt(.r
permits the resistor in series with the test capacitor to be chango.d %g, th.,'
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:m , i.v %i(|dc rnaige ot it r tr:;L . ait" be cove red. The largest
rt.bibtor user in series with the test ,-apacitor was 101 Z ohma. Most
of the data were obtained using resistors of IO and 1010 ohms.

Figure Z presents a discharge current curve for a C67 Case
Size 1 Monolythic capacitor near room.temperature. This curve was
obtained in the following manner: After 1 5 min of discharge, the
discharge circuit was opened for I hr, then closed again. At this point
the discharge current was greater than when the discharge circuit was
first opened. Further, after an additional 13 min of discharge the
discharge- curr.riL rarherl a magnitude and time rate of change that
would have been expected had the circuit not been opened. This behavior
suggests that charge carrier traps of various depths exist in the material.
It is theorized that during the open circuit condition some of the charges
move from deep traps to traps which are more shallow. Also. it is
evident the resistance of the ceramic is extremely high at discharge and open-
circuit conditions.

Figure 3 presents charge current as a function of time at 150"C
for C67 Case Size I Monolythic capacitors. A fresh capacitor was used
for each voltage stress to avoid current complications which might
result from stressing one capacitor repeatedly. After 15 min of charging
the currents showed very little indication of stabilizing except at the
highest voltage stress. The charge current data are replotted as a function
of charge potential in Figure 4.

One interesting point is that over most of the range the charge
current at any time is proportional to the charging potential. At
approximately 25 VDC/mil the charging current appears proportional
to some power of charging potential higher than one. When the same
capacitor is used for all voltages, from the smallest to the largest, no
currera. anomaly is found in the range, 18 VDC/mil to 36 VDC/mil, as
can be seen in Figure 5. The current anomaly shown in Figure 4 cannot
yet be dismissed as spurious, since the lltercture1 contains examples of
the use of normalizing voltages before current measurements, though not
in exactly the same situation.

The data presented in Figures 4 and 5 describe transient charge
currents. The current-voltage relations suggest an ohmic behavior for
the capacitors, but the dita do not validate such a conclusion. Steady-state
conditions are necessary to determine if the current-voltage relation is

1Cardon, F., "Polarization and Space-Charge-Limited Currents in Rotih-."
Physica, 27:841-9 (1961).
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,,hitti, tit- , -char . t d jw I-,- , w,,rk of H ranwood and CredgolcZ
indicates the ctirrent-vuitagc relatioin for barium titanate single crystals
is space-charge-limited.

Following charging the capacitors described in Figure 3 were
discharged. The discliargc current as a functior, of time for these
capacitors is shown in Figure 6. T'he discharge current at various
times as a function of applied potential for the same capacitors is
presented in Figure 7. The value of discharge current after a pa-rtic-
,lar discharge time is proportional to the charging voltage. It is note-

worthy that no current anomaly occurs in the voltage range,. 18 VDC/mil
to 36 VDC/mil. This is in contrast to Figure 4. Figure 7 suggests
some mechanism is limiting the discharge currents when the capacitors
are initially charged at voltage stresses greater than 70 VDC/mil.

Figure 8 pre-ents the relationship between charging current and

temperature. To obtain 10-c-c data, the same capacitor was used for all
temperatures. Since the charge current at each temperature changes
quickly with time, these data cannot be used to calculate the activation

energy for conduction. The pseudo activation energy for conduction over

much of the temperature range is 0. 24 electron volts (cv).

An attempt was made to determine the steady-state resistance-
temperature relationship for a fresh capacitor. The results are presented
in Figure 9. To obtain these data, the capacitor was charged at 150*C
un'il the charging current no longer decreased with time but achieved a
steady value. The temperature was then lowered while voltage was kept
on the unit, and the steady-state charging current was recorded for each
temperature. The resistance-temperature relationship is complex and
cannot be described by one value of activation energy for conduction. The
data suggest two activation energies: 0.34 ev below 115°C and 1.7 ev
above 11 5C. The titanate ceramic dielectric material has a slight
permittivity maximum at approximately 115*C. Above 115C the
pcrmittivity decreases in a manner similar to the way In which barium

titanate decreases above thi Curie temperature.

The capacitor was charged at each temperature for which charging

data are presented in Figure 8, then discharged. The discharge current
curves are presented in Figure 10.

Figure II presents charge and discharge current curves for a
capacitor which had been life tested previously at 1500°C and 75 VDC/mil
for 1600 hr. During the life test the resistance of the unit decreased

ZBranwood, A., Tredgold, R.. "The Electrical Conductivity of Barium

Titanate Single Crystals, " Proceedings of the Physical Society, 76:93-98 (1960).
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*l!) r~x; av cly (e)tr orde r's of I Irdrv The diegravded capacitor was
charged for I9 mnin at IOO'C and ZZ5 VDC in the same direction as
during life testing, then discharged. The corresponding charge Pn-1

discharge curves for this operation are labeled (+) on the figure.
Following discharge the capacitor was charged ;n the direction opposite
the charging direction during life testing, then discharged. The corre-
sponding charge and discharge curves for this operation are labeled (-)In
the figgre. it will be observed that the discharge curves are approximately
one ordcr of magnitude apart. For comparison, a fresh capacitor was
charged in one direction and discharged, then charged in the opposite
direction and discharged. The resulting discharge curves are within
20% of one another, as can he seen in Figure 12. The data suggest that
ionic migration resulting from life testing leads to charge carrier traps
of different average depth in the proximity of each electrode. This
hypothesis assumes that releabc of trapped charges is effected by thermal
energy.

The magnitude of the discharge or depolarization currents obser,°ed
for the C67 Monolythic cap.&citor raises the question of their origin. It Is
not kaown whether these currents are primarily related to the polycrystalline
form of the material, with its attendant defects such as grain boundaries
and cloded pores, or whether they are related primarily to the bulk or
surface characteristics of the crystal structure itself. It appears the
polycrystalline form is of secondary importance in determining the occur-
rence of the discharge currents. Figures 13 and 14 present discharging
cuyrents of barium titanate single crystals prepared by the Re.meika3
technique. Theme currents are approximately 100 times greater than the
discharge currents of a C67 capacitor undercomparable conditions of
charging. The discharge currents are preseýed in Figure 15. While the
chemical composition of the single crystals difirs from that of the
ceramic they are both essentially barium titanatei, and it can be tentatively
concluded that the discharge currents of the C67 material are not a
consequence of its polycryjtalline form.

4, 3 Lifetime Indicators for C67 Case Size I Monolythic Capacitors

Recent work at Linden Laboratories, Inc., 4 Indicates there is a
correlaton between discharge current and the stability of titania ceramic
capacitors on life test. Experiments were conducted by Sprague in an
effort to determine if a correlation exists between charge or discharge

3 Remeika, J., "A Method for Growing Barium Titanate Single Crystal.."
.. Amer. Chem. Soc., 76:940 (1954).
4 Linden Laboratories, Inc., "Crystal Chemistry of Ceramic Dielectrics,"
Rpport No., 15. July 15, 1962, Contract No. DA-36-039-SC-7891.!.
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':0, r r•.. ~.• ... d 1 iai,-to-failtrj- r ,! jiD tk;i 1 for C67 Cose Size I Monolythic
capacitors. Life testing was at accelerated conditions of 150'C, 190 VDC
(75 VDC/mil). A capacitor was defined a failure when its resistance
dropped below 100 megohms at test conditions. A resistance of 100 meg-
ohms at 1 50'C is a decrease of approximately three orders of magnitude
from the resistance of a new unit. A resistance change of this magnitude
indicates the capacitor is wearing out although, as will be seen from
subsequent data, a capacitor of this type may go on for many additional
hours before its resistance drops to a level which makes it unusable in
many circuits.

Figure 16 presents the relationship between charging current and
time-to-failure for 23 capacitors. The relationshius of time-to-failure
and other measurements are presented in Figures 17 and 18. No corre-
lations exist within the rather narrow range of failure times for the
6000 jitif capacitors. Figure 19 presents the relationship between electrical
resistance after 50 hr and time-to-failure on life test. While it is evident
that the relative lifetimes of the capacitors can be estimated after life
testing has been underway for a time, the data reveal the lifetime estimatp
for some capacitors could be in considerable error. Figure 20 presents
the resistance as a function of time during life testing for several capacitors.
In the early stages of life testing the capacitors behave similarly but later
they diverge.

In another experiment a group of 22 capacitors was conditioned with
190 VDC at 150"C for Z4 hr before the charge and discharge currents were
meesured. Attempts to correlate these measurements and others made
before or in the early stages of life testing are presented in Figures 21
through 24. A relationship exists between the resistance after 25 hr of life
testing and time-to-failure on life test, though, as was seen earlier in
similar relationships, maverick capacitors occasionally occur. Figure 25
shows resistance as a function of time for several capacitors during life
testing.

In another experiment a group of 24 capacitors was conditioned with
50 VDC at ISO0", (or 168 hr before charge and discharge currents were
measured. The life testing of these units is not yet completed but enough
data are available to allow the conclusion that no correlation exists between
charge or discharge currents and time-to-failure. The correlation attempts
are presented in Figures 26 through 28. There is apparently a relationship
betwcen the resistance after 100 hr of life testing and time-to-failure on
life tests, as shown in Figure 29. Figure 30 presents the resistance as A
function of time during life testing for several capacitors.

In another experiment, a group of 24 capacitors was subjected to

405



11 O ýi 64 ) i! I Iý 0.t1 C f r 5 h I r If o r':- C h;j.rg atod clis~h r'
currcnts wete nictssired. The life testing of these capacitors is not

Vet completed, but the available data indicate no correlation exists
between charge or discharge currents and time-to-failure. The corre-

lation attempts are presented in Figures 31 to 33. There is apparently
a relationship between the resistance of the capacitors after 100 hr of

life testing and time-to-failurc on life test, as presented in Figure 34.
Figure 35 presents the r,.-4stance as a function of time during life testing

for several capacitors.

An additional experiment involved an attempt to correlate 60 cps

coroa starting voltage and time-to-failure of the capacitors on DC life
test. The location of the corona, may be in voids or cracks within the
dielectric material or between the electrodes and dielectric surface in

certain inttances. It is not kr.own whether this can be related to
capacitor life time, In determining corona starting voltage each ca•pacitor
wais flashf.-d with 30 VAC when the voltage supply was switched on. The
AC voltage was then increased slowly until corona could be detected. A
0.1 in. fieflection on the oscilloscope screen was equivalent to 0.4 my.
No corona was produced by the equipment below 2000 VAC. The relation-
ship between corona starting voltage for 27 capacitors and time-to-failur,.

is presented in Figure 36. There is apparently no cc.relation. The units

stbijrcted to corona start testing failed within the same time range as the
control units. This indicates the corona testing did not damage the units.
As noted for other capacitor groups, a relationship exists between the
resistance of the capacitors ;Ifter 50 hr of life testing and time-to-failure

on life test. This is shown in Figure 37.
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(1) Capacitor charged at 6 V for I mlin. then discharged
(1) Capacitor charged at 6 V for 5 min. then discharged
(3) Capacitor charged at 6 V for 30 mini. then discharged
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SECTION 5

CONCLUSIONS

11) No correlation was fvuUy&d 6utween Lharge or discharge c urrents,
measared before life text, and time -to-failure on life test for

(4); No corrc lation was found for C67 Case Size I Monolythic ýapacitors
which received either an AC or DC conditioning before the measure-
nu-nt of clarge and discharge currents.

1) No correlation was found between AC corona starting voltage ant',

time-to-fa~lure for C67 Case Size I Monolythic capacitors.

44) It appears the only technique now avxilable for the detection of
putentia.! early failures is a measurement of leakage resistance
after a number of hours of testing at ac ceerated voltage and
tori~pefltt r oMnitinns.
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SECTION 6

PROGRAM FOR NEXT QUARTER

(1 The technique ot det-cLing potential early failures by DC voltage
application before accelerated life testing for a number of hours
will be examined using large sample sizes.

(,•) Further examination will be made of the electrical conductiv'ity of
new and degraded capacitors.
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SECTION 7

IDENTIFICATION OF PERSONNEL

Personnel Hours

J. Dziok 0.5
W. F.tes 38.
J. Fabricius 10.
E. Jamros 377.5
E. Jones 3.0

M. Malanga 6.0
G. Olsen 0.5
T. Prokopowicz z0.
F. Schoenfeld 7.0

W. Tatem 344.0

'. Trnttior, 66.0
K. Whitney 10.0
J. Willey 61.0

rotal 994.5

7o!



SECTION 8

DISTRIBUTION LIST

OASD (RF, )
ATTN- Tpchnif;l Library
R4,zn •Ei O,5•
The Pentagon
Washingtoi Z, D. C.

Chief ,f Research ani Development
OCS. Department of the Army
Washington 25. D. C.

Commanding Gene ral
U S. Army Materiel Command
ArmN: R&D Directorate

Washington I5, D. C,

Commanding Gene rat
U. S. Army Electranics C,,mm.inet
ATTN. AMSEI -AD
Frort Monmouth. tNow .Ter.ev

ATTN: Codet.
Washington .%. D. C:.

Commander. Avromabutivai Svwtsst' Ih~i~w.i~
ATTN: ASAPRL
W'lltht-Pauvrat-nh Air sr'ft Or�I•,-t-

I. G.. 1whav-41i ,

• , .n n II I II m



GComma.,d,- r, Air Force. C.nibbridge Rose 'irc:h
Labnratc. ries

ATTN: CRO

L. G. -Hanscom Field
Bedford, Massachusetts

Commnander, Air Cmorct* (i•mmand & Control
Development Division

ATTN: CRZC

L. G. Hanscom Field

Bedford, Massachusetts

Commander, Rome Air Development Center

ATTN: RAALD
Griffiss Air Force Bast-, New York

10 Commander, Armed Services Technical

Information Agency
ATTN: TISIA

Arlington HaNl Station

Arlington I , Virginia

Chief. U. S. Army Security Agency
Arlington Hall Station

Arlington 1 2., VirRinia

IDeputy Presidetit
U. S. Army Security Agent y Buas d
Arlington 1lall Station
Arling~ton lI., VirgII|,I-

Comnminadl-ng Oiti v r

1t-krry Diam oid 1. I it ,'t ti -

AFrrN: LUbr:trý. rH *ot .I: I. litildli',, 9
Washington 1, 1). G.

Curpb of knghin,.rb lIaison (Wfc.*

U. S. Army Eloctr ,ril a Resi..tr,'h a,,il

Devolopment i.L•brt.try
Fort Ml,.-r.... ýth. N-.u iors.,

AF'S(. S% lentilit i iv*, Ii' .& , , titik i
11. S. K~i-ty l Ais i CO-0l,*,.,t :',ts I

Johnsvillr. P""n11.#%". ,,iI



• iI

AFSC Liaison Office
Naval Air R&D Activities Command
Johnsville, Pennsylvania

Commanding Officer
U. S. Army Electronics Materiel Support Agency
ATTN: SELMS-ADJ
Fort Monmouth, New Jersey

Marin'e Corps Liaison Office
U. S. Army Electronics Research and

Development Laboratory
ATTN: SELRA/LNR
Fnrt Monmouth, New Jersey

Commanding Officer
U. S. Army Electronics Research and

Development Laboratory
ATTN: Director of Research or Engineering
Fort Monmouth, New Jersey

Commanding Officer
U. S. Army Electronics Research and

Development Laboratory
ATTN: Technical Documents Center
Fort Monmouth, New Jersey

Commanding Officer
U. S. Army Electronics Research and

Development Laboratory
ATTN: SELRA/ADJ (FU #I)
Fort Mfinmouth, New Jersey

2 Advisory Group on Electron Devices
346 Broadway
New York 13, New York

3 Commanding Officer
U. S. Army Electronics Research and

Development Laboratory
ATTN: SELRA/TNR
Fort Monmouth, New Jersey
(For retranmmittal to accredited British and Canadian
government representatives)

8-3



Copie,.•

Commanding General
U. S. Army Combat Developmenis Command
ATTN: CDCMR-E

Fort Belvoir, Virginia

Commanding Officer
U. S. Army Communications-Electronics

Combat Development Agency

Fort Huachuca, Arizona

Director, Fort Monmouth Office
U. S. Army Communications-Electronics

Cozoba. Development Agency

Building 410

Fort Monmouth, New Jersey

AFSC Scientific /Technical Liaison Office

U. S. Army Electronics Research and
Development Laboratory

Fort Monmouth, New Jersey

Commanding Officer and Director

U. S. Navy Electronics Laboratory

San Diego 52, California

Commnander

Rome Air Deveiopment Center
Griffiss Air Force Base, New York

ATTN: Mr. L. J. Gubbins, RASGR

Chief, Bureau of Ships
Department of the Navy
Washington 25, D. C.

ATTN: Code 6RIA2A (J. M. Kerr, Jr.)

Commanding Officer
U. S. Army Electronics Research and

Development Laboratory

Fort Monmouth, New Jersey

ATTN: SELRA/PE (Dr. E. Both)

Commanding Officer
U. S. Army Electronics Research and

Development Laboratory
Fort Monmouth, Now Jcrscy

ATTN: SELRA/PE (Division Director)

8-4



(Balance of Commanding Officer
Copies) U. S. Army Electronics Research and

Development Laboratory
Fort Monmouth, New Jersey
ATTN: SELRA/SL-PEE (j. Allen)

8-S



-U

- 2

4 L
S-! -

!!i i i l • ! -i


